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A widely recognized dficulty of presently used methods for cDNA cloning is 
obtaining cDNA segments that contain the entire nucleotide sequence of the 
corresponding mRNA. The cloning procedure described here mitigates this 
shortcoming. Of the 16 plasmid-cDNA recombinants obtained per pg of rabbit 
reticulocyte mRNA, about 10% contained a complete a- or f3-globin mRNA 
sequence, and at least 30 to 50%, but very likely more, contained the entire globin 
coding regions. We attribute the high efficiency of cloning full- or nearly full- 
length cDNA to (i) the fact that the plasmid DNA vector itself serves as the primer 
for first- and second-strand cDNA synthesis, (ii) the lack of any nuclease 
treatment of the products, and (iii) the fact that one of the steps in the procedure 
results in preferential cloning of recombinants with full-length cDNA’s over those 
with truncated cDNA’s. 

The availability of complementary DNA 
(cDNA) copies of mRNA’s provides an ex- 
tremely powerful tool for analyzing the struc- 
ture, organization, and expression of eukaryote 
genes (4, 5 , 9 ,  10 ,16 ,19 ,  36, 38). Aside from the 
utility of cDNA‘s for defining the initiation, 
coding, and termination sequences of mRNA’s, 
their use as hybridization probes makes it possi- 
ble to search for, isolate, identify, and character- 
ize the corresponding genes from chromosomal 
DNA. Indeed, it was comparisons between 
cloned cDNA’s and their genomic counterparts 
that uncovered the existence of intervening se- 
quences (4 ,5 ,9 ,19 ,38 )  and splicing (37) and the 
Occurrence of genomic rearrangements in the 
formation of hnctional immunoglobulin genes 
(3). More recently, the cloning of cDNA copies 
of RNA virus genomes (e.g., vesicular stomatitis 
1321, polio 1221, and influenza viruses [35]) has 
opened the way to a more refined understanding 
of these viruses’ structure, replication, and 
expression, as well as providing a simpler route 
for the development of antiviral vaccines (17). 

With present techniques for cDNA cloning 
(12, 31, 33, 42) the yield of recombinant DNAs 
that have full-length cDNA sequences, Le., 
cDNA’s containing the entire nucleotide se- 
quence of the mature mRNA, is low. Generally, 
most cDNA clones contain 3’-untranslated and 
variable amounts of the protein-coding se- 
quence; obtaining cloned cDNA’s with complete 
5’-untranslated and protein-coding sequences is 
rarer, particularly if the mRNA codes for a large 
protein (32, 35). Although such truncated 
cDNA’s are still useful as hybridization probes 
(15), they cannot direct the synthesis of com- 
plete proteins after their introduction into bacte- 

rid or mammalian cells via appropriate expres- 
sion vectors. Consequently, we have sought to 
devise a cDNA cloning method that increases 
the probability of obtaining recombinants with 
full-length cDNA inserts. 

Presently, the initial cDNA copy of a mRNA 
is synthesized with reverse transcriptase (39) 
using as primer either oligodeoxythymidylate 
[oligo(dT)] annealed to the polyadenylate [po- 
ly(A)I tail (11,18) or an oligonucleotide annealed 
to a complementary sequence in the body of the 
mRNA (36, 40). The quality of the reverse 
transcriptase, the integrity and secondary struc- 
ture of the mRNA, and the reaction conditions 
influence the length of the primary reverse tran- 
script and, therefore, the completeness of the 
subsequently cIoned cDNA. Second-strand syn- 
thesis is at best a poorly controlled step, since it 
relies on the ability of Escherichia coli DNA 
polymerase I (PolI) to use the initial reverse 
transcript as both a primer and template, the end 
result being a hairpin double-stranded DNA with 
the 5’ end of the mRNA sequence in the form of 
a single-stranded loop of variable size and loca- 
tion (11). S1 nuclease digestion of the single- 
stranded DNA loop, which must precede the 
addition of homopolymeric ta i ls  to the ends of 
the cDNA, invariably removes portions of the 
cDNA corresponding to coding or 5’-proximal 
portions of the mRNA. Several innovations, 
such as enrichment for the particular mRNA 
sequence prior to cDNA synthesis (6), fraction- 
ation of single-strand or double-strand cDNA to 
enrich for particular size classes (6, 10, 361, or 
even alternative procedures for priming the syn- 
thesis of the second strand that eliminate the 
need for the nuclease digestion of 5’-proximal 
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sequences (24, 33), have improved the yield of 
full- or nearly full-length cDNA or at least 
produced cDNA's with intact 5'-proximal nucle- 
otide sequences (24). 

Here we describe a modification in the cDNA 
cloning procedure that permits the recovery, in 
high yields, of plasmid recombinants with full- 
or nearly full-length cDNA inserts. The proce- 
dure uses a plasmid DNA vector which itself 
serves as the primer for first- and ultimately 
second-strand cDNA synthesis; moreover, one 
of the steps is designed to enrich for recombi- 
nants containing full-length cDNA's over those 
with truncated cDNA's. The procedure has been 
applied successfully to the cloning of full-length 
a- and p-globin cDNA's from rabbit reticulocyte 
mRNA. 

MATERIALS AND METHODS 
Chemicals, enzymes, and plasmids. Oligo(dT)- and 

oligodeoxyadenylate [oligo(dA)]-celldoses (both type 
6) were purchased from Collaborative Research Inc. 
The reverse transcriptase was the avian myeloblasto- 
sis virus enzyme obtained from J. Beard at the Nation- 
al Institutes of Health. E. coli DNA ligase was provid- 
ed by I. R. Lehman, E. coli DNA polymerase I was 
provided by J. Widom and S.  Sherer, and EcoRI 
endonuclease came from J. Carlson (all from Stanford 
University). Calf thymus terminal deoxynucleotidyl 
transferase and E. coli RNase H were purchased from 
PL Biochemical Co.; HindIII and KpnI endonucleases 
were products of Bethesda Research Laboratories 
hc. .  HpaI, AvaII, and PvuII endonucleases were 
from New England BioLabs, and PsrI endonuclease 
was obtained from Boehringer-Mannheim. The 
pBR322-SV40 recombinants that provide the vector- 
primer DNA and linker DNA fragment (Fig. 1) were 
constructed by S. Subramani. One contained a simian 
virus 40 (SV40) DNA segment Corresponding to map 
position 0.71 to 0.86 cloned between the PvuII and 
HindIII sites of pBR322 DNA, and the other had a 
segment from map position 0.19 to 0.32 inserted be- 
tween the BarnHI and HindIII sites of the plasmid 
DNA. 
Preparation of -A. Rabbit reticulocyte mRNA, 

enriched with a-globin mRNA, was prepared from a 
postpolysomal supernatant of a reticulocyte lysate 
obtained from phenylhydrazine-treated rabbits (28). 
The mRNA was recovered after phenol extraction by 
alcohol precipitation following two cycles of adsorp- 
tion and elution from an oligo(dT)-cellulose column 
(1). In recent attempts to prepare cDNA libraries from 
other cells (H. Okayama and P. Berg, unpublished 
data) we have found the guanidinium thiocyanate 
method (7) to be superior for the preparation of mRNA 
that is readily reverse transcribed. 
Preparation of vector priwr and e o  dG-tailed 

linker DNAs. (For a diagram of this procedure, see Fig. 
1). A 4OO-pg sample of pBR322-SV40 (map units 0.71- 
0.86) DNA was digested at 37°C with 700 U of KpnI 
endonuclease in a reaction mixture (0.4 ml) containing 
6 mM Tris-hydrochloride @H 7.5). 6 mM MgCl2, 6 
mM NaCl, 6 mM 2-mercaptoethanol, and 0.1 mg of 
bovine serum albumin (BSA) per ml. After 5 h, the 
digestion was terminated with 40 pI of 0.25 M EDTA 

PREPARATION OF PLASMID PRIMER 
AND OLIGO dG-TAILED LINKER DNA 

Pstl DIGESTION: K p l  DIGESTION; 1 OLIO0 dT TAILS I y ; ~ i i  1 OLiW dG 

- I Hp.1 DIGESTION; I 

FIG. 1. Preparation of plasmid primer and linker 
DNA. The unshaded portion of each ring is pBR322 
DNA, and the shaded or stippled segments are h m  
SV40 DNA. The numbers next to the restriction site 
designations are the corresponding SV40 DNA map 
coordinates. 

@H 8.0) and 20 pl of 10% sodium dodecyl sulfate 
(SDS); the DNA was recovered after extraction with 
water-saturated phenol-CHC13 (1:l) (hereafter referred 
to as phenol-CHCI,) and ethanol precipitation. Homo- 
polymer tails averaging 60, but not more than 80, 
deoxythymidylate (dT) residues per end were add- 
ed to the KpnI endonuclease-generated tennini with 
calf thymus terminal deoxynucleotidyl transferase as 
follows. The reaction mixture (0.2 ml) contained 140 
mM sodium cacodylate30 mM Tris-hydrochloride 
@H 6.8) as buffer, with 1 mM CoC12, 0.1 mM dithioth- 
reitol, 0.25 mM dl", the KpnI endonuclease-digest- 
ed DNA, and 400 U of the terminal deoxynucleotidyl 
transferase. After 30 min at 37°C the reaction was 
stopped with 20 pl of 0.25 M EDTA @H 8.0) and 10 p1 
of 10% SDS, and the DNA was recovered after several 
extractions with phenol-CHCI, by ethanol precipita- 
tion. The DNA was then digested with 17 U of HpaI 
endonuclease in 0.2 ml containing 10 mM Tris-hydro- 
chloride @H 7.4), 10 mM MgCI,, 20 mM KCI, 1 mM 
dithiothreitol, and 0.1 mg of BSA per ml for 5 h at 
37°C. The large DNA fragment, which contained the 
origin of pBR322 DNA replication and the gene con- 
ferring ampicillin resistance, was purified by agarose 
(1%) gel electrophoresis and recovered from the gel by 
a modification of the glass powder method (41). The 
dT-tailed DNA was further purified by adsorption and 
elution from an oligo(dA)-cellulose column as follows. 
The DNA was dissolved in 1 ml of 10 mM Tris- 
hydrochloride @H 7.3) b d e r  containing 1 mM EDTA 
and 1 M NaCl, cooled to 0°C. and applied to an oligo 
(dA)-cellulose column (0.6 by 2.5 cm) equilibrated 
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with the same buffer at 0°C. The column was washed 
with the same buffer at 0°C and eluted with water at 
mom temperature. The eluted DNA (140 pg) was 
precipitated with ethanol and dissolved in 100 pl of 10 
mM Tris-hydrochloride @H 7.3) with 1 mM EDTA. 

The oligodeoxyguanylate [oligo(dG)]-tailed linker 
DNA was prepared by digesting 100 pg of pBR322- 
SV40 (map units 0.19-0.32) with 120 U of PsrI endonu- 
clease in 0.2 ml containing 6 mM Tris-hydrochloride 
(PH 7.4), 6 mM MgCI2, 6 mM 2-mercaptoethanol, 50 
mM NaCI, and 0.1 rng of BSA per ml. AAcr 1.5 h at 
37°C the reaction mixture was extracted with phenol- 
CHClp and the DNA was precipitated with alcohol. 
Tails of 10 to 15 deoxyguanylate (dG) residues 
were then added per end with 60 U of terminal 
deoxynucleotidyl transferase in the same reaction mix- 
ture (50 pl) described above, except for 0.1 mM dGTP 
replacing dlTF'. After 20 min at 37°C the mixture was 
extracted with phenol-CHC13, and after the DNA was 
precipitated with ethanol it was digested with 50 U of 
HindIII endonuclease in 50 pl containing 20 mM Tris- 
hydrochloride (PH 7.4), 7 mM MgC12, 60 mM NaC1, 
and 0.1 mg of BSA at 3PC for 1 h. The small oLgo 
(dG>tailed linker DNA was purified by agarose gel 
(1.8%) electrophoresis and recovered as described 
above. 

PreparatiOa and doning d globin &DNA. For a 
diagram of the preparation and cloning of globin 
cDNA, see Fig. 2. 

Step 1. cDNA Irynthcsis. The reaction mixture (10 pl) 
contained 50 mM Tris-hydrochloride (PH 8.3), 8 mM 
MgC12, 30 mM KCI, 0.3 mM dithiothreitol, 2 mM each 
dATP, d T P ,  dGTP, and [32PldCTF' (850 cpdpmol), 
0.2 pg of the reticulocyte mRNA (1 pmol of globin 
mRNA), 1.4 pg of the vector-primer DNA (0.7 pmol of 
primer end), and 5 U of reverse transcriptase. me 
molar ratio of poly(A)+ mRNA to vector-primer DNA 
should be greater than 1.0, and in our experiments 

ranged h m  1.5 to 3). cDNA synthesis was initialed by 
the addition of reverse transcriptase and continued at 
37°C for 20 min. By this time the rate of dCTP 
incorporation had leveled off and more than 60% of the 
primer was utilized for cDNA synthesis. The reaction 
was stopped with 1 pl of 0.25 M EDTA @H 8.0) and 
0.5 pl of 10% SDS; 10 pl of phenol-CHC13 was added, 
and the solution was blended vigorously in a Vortex 
mixer and then centrifuged. After adding 10 pl of 4 M 
ammonium acetate and 40 pl of ethanol to the aqueous 
phase, the solution was chilled with dry ice for 15 min, 
warmed to mom tempcmture with gentle shaking to 
dissolve unreacted deoxynucleoside triphosphates 
that had precipitated during chilling, and centrifuged 
for 10 min in an Eppendorf microfuge. The pellet was 
dissolved in 10 pl of 10 mM Tris-hydrochloride OH 
7.3) and 1 mM EDTA, mixed with 10 pl of 4 M 
ammonium acetate, and reprecipitated with 40 pl of 
ethanol, a procedure which removes more than !B% of 
unreacted deoxynucleoside triphosphates. The pellet 
was rinsed with ethanol. 

The pellet containing the plasmid-cDNA:mRNA was 
dissolved in 15 pl of 140 mM sodium cacodylate-30 
mM Tris-hydrochloride @H 6.8) buffer containing 1 
mM C0Cl2. 0.1 mM dithiothreitol. 0.2 pg of poly(A), 
66 FM [32PldCTP (6,000 cpdpmol), and 18 U of 
terminal deoxynucleotidyl transferase. The reaction 
was carried out at 37°C for 5 min to permit the addition 
of 10 to 15 residues of dCMP per end and then 
terminated with 1.5 pl of 0.25 M EDTA (PH 8.0) and 
0.75 pl of 10% SDS. After extraction with 15 pl of 
phenol-CHClp, the aqueous phase was mixed with 15 
pl of 4 M ammonium acetate, the DNA was precipitat- 
ed and reprecipitated with 60 pl of ethanol, and the 
final pellet was Msed with ethanol. 

Step 3: H~JuUII endonuclease digestion. The pellet 
was dissolved in 10 pl of buffer containing 20 mM Tris- 

Sttp 2: -wW*~ [ M d C ) I  d d i t h .  

CLONING OF mRNA 

mRNA 
-------*p999r* C 

ANNEALING, cc ' 

h i l  n,nmii 

ANNEALING OF OLIO0 dG 
hll 

w m  ECO~I DNA LIGASE 

REPLACEMENT OF RNA STRAND 
Bv DNA WITH E.colr R- H. 
DNA POLYMERASE 1 AND 

DNA LIGASE - hll 
Htndlll 

FIG. 2. Steps in the construction of plasmidcDNA recombinants. The designations for the DNA segments 
are as mentioned in Fig. 1. Experimental details and comments on the procedure are presented in Materials and 
Methods and Results. respectively. 
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hydrochloride (PH 7.41, 7 mM MgC12. 60 mM NaCI, 
and 0.1 mg of BSA per ml and then digested with 2.5 U 
of HindIII endonuclease for 1 h at 37°C. The reaction 
was terminated with 1 p1 of 0.25 M EDTA (PH 8.0) and 
0.5 pl of 10% SDS, and, after extraction with phenol- 
CHCb followed by the addition of 10 p1 of 4 M 
ammonium acetate, the DNA were precipitated with 
40 pl of ethanol. The pellet was rinsed with ethanol 
and then dissolved in 10 pl of 10 mM Tris-hydrochlo- 
ride (PH 7.3) and 1 mM EDTA, and 3 pl of ethanol was 
added to prevent freezing during storage at -20°C. 

Step 4: Cyclization mediated by tbe digo(dC)-taUed 
Unker DNA. A 1-p1 sample of the HindIII endonucle- 
ase-digested oligo(dC)-tailed cDNA:mRNA plasmid 
(0.02 pmol) was incubated in a mixture (10 pl) contain- 
ing 10 mM Tris-hydrochloride (PH 7.5),1 mM EDTA, 
0.1 M NaCl, and 0.04 pmol of the oligo(dG)-tailed 
linker DNA (this amount is a twofold molar excess 
over the quantity of the vector-cDNA:mRNA and of 
the fragment which remains as a result of the HindIII 
endonuclease digestion in the previous step) at 65°C 
for 2 min, shifted to 42°C for 30 min, and then cooled 
to 0°C. The mixture (10 pl) was adjusted to a volume of 
100 p1 containing 20 mM Tris-hydrochloride (PH 7.9, 

BSA per ml, and 0.1 mM p-NAD; 0.6 pg of E. coli 
DNA ligase was added, and the solution was then 
incubated overnight at 12°C. 

Step 5: Replacement of RNA strand by DNA. To 
replace the RNA strand of the insert, the ligation 
mixture was adjusted to contain 40 pM of each of the 
four deoxynucleoside triphosphates, 0.15 mM p-NAD, 
0.4 pg of additional E. coli DNA ligase, 0.3 pg of E. 
coli DNA polymerase I, and 1 U of E. coli RNase H. 
This mixture (104 @I) was incubated successively at 
12°C and mom temperature for 1 h each to promote 
optimal repair synthesis and nick translation by PoiI 
(23). The reaction was terminated by the addition of 
0.9 ml of cold 10 mM Tris-hydrochloride (PH 7.3), and 
0.1-ml aliquots were stored at 0°C. 

Step 6: Transformation of E. coli. Transformation 
was canied out using minor modifications of the 
procedure described by Cohen et al. (8). E. coli K-12 
(strain HBlO1) was grown to 0.5 absorbancy unit at 
600 nm at 37°C in 20 ml of L-broth. The cells were 
collected by centrifugation, suspended in 10 ml of 10 
mM Tris-hydrochloride (PH 7.3) containing 50 mM 
CaCIz, and centrifuged at 0°C for 5 min. The cells were 
resuspended in 2 ml of the above buffer and incubated 
again at 0°C for 5 min; then, 0.2 ml of the cell 
suspensions was mixed with 0.1 ml of the DNA 
solution (step 5 )  and incubated at 0°C for 15 min. After 
the cells were kept at 37" for 2 min and at room 
temperature for 10 min, 0.5 ml of L-broth was added, 
and the culture was incubated at 37°C for 30 min, 
mixed with 2.5 ml of L-broth soft agar at 42"C, and 
spread over L-broth agar containing 50 pg of ampicil- 
lin per ml. After incubation at 37°C for 12 to 24 h, 
individual colonies were picked with sterile tooth- 
picks. 

ization and isolation of recombinant plasmids. E. coli 
transformants were screened for the presence of glo- 
bin cDNA by in situ colony hybridization (15). One 
hundred transformants were grown on three replica 
nitrocellulose filter disks, lysed with alkali, and hy- 
bridized with [3ZP]-cDNA synthesized by oligo(dT)- 

4 mM MgCIz, 10 mM (NHJ2S04,O.l M KCI, 50 pg Of 

Chpractcrizntio~ Of cDNA elones. (i) Cdony hybrid- 

primed reverse transcription of reticulocyte mRNA. 
Alternatively, 32P-nick-translated a-globin or p-globin 
cDNA clones, which had been respectively construct- 
ed and identified in the present work or prepared 
previously (29) from pBGl(10). were the globin cDNA 
probes; each of the cDNA's was removed from the 
vector by restriction enzyme digestions and isolated 
by agarose gel electrophoresis before use as hybridiza- 
tion probes. Colonies that gave positive hybridization 
signals were grown in L broth containing 50 pg of 
ampicillin per ml, and their plasmid DNAs were isolat- 
ed by standard techniques (21). 

(U) Restrktion mapping. DNAs were digested with 
EcoRI, PstI, and PvuII, or AvaII restriction endonu- 
cleases under conditions recommended by the suppli- 
ers, and analyzed by agarose gel (1.5%) electrophore- 
sis. 

(iii) DNA sequencing. DNAs were digested with PsrI 
endonuclease, incubated with E. coli alkaline phos- 
phatase to remove the terminal phosphates, and termi- 
nally labeled with [Y~~P]ATP and polynucleotide ki- 
nase (26). After digestion with EcoRI endonuclease, 
the 32P-labeled fragment containing the 5' end of the 
globin cDNA was purified by agarose gel (1.5%) 
electrophoresis find sequenced by the method of 
Maxam and Gilbert (26). 

RESULTS 
Experimental details of the procedure for pre- 

paring and cloning cDNA's are presented above. 
Here we consider the rationale and several gen- 
eral features of the method and illustrate its 
application to the cloning of full- and nearly full- 
length a- and p-globin cDNA's from rabbit retic- 
ulocyte mRNA. 

Key features of the protocol (outlined in Fig. 
2) are that (i) the plasmid vector DNA functions 
as the primer for the synthesis of the first cDNA 
strand, an innovation first introduced by Rab- 
bitts (31); (ii) the full- or nearly full-length re- 
verse transcripts of the mRNA are preferentially 
converted to duplex cDNA's and cloned as 
recombinants in E. coli in the subsequent steps; 
and (iii) nick-translation repair of the cDNA: 
rnRNA hybrid, mediated by E. coli RNase H, E.  
coli POD, and E. coli DNA ligase, is used to 
synthesize the second cDNA strand. 

The vector-primer, a linear DNA with a 
poly(dT) tail at one end, was constructed as 
outlined in Fig. 1. The pBR322-SV40 (map units 
0.71-0.86) DNA recombinant was a convenient 
precursor because it contains both a unique 
restriction site (KpnI), at which 3' single-strand 
ends can be generated for the efficient attach- 
ment of poly(dT) tails, and a second unique 
restriction site (HpaI) near one end to permit 
removal of one of the poly(dT) tails. This partic- 
ular DNA was useful for the purpose described, 
but other DNAs with similar arrangements of 
appropriate restriction sites could be substitut- 
ed. 

Annealing of the poly(A)+ mRNA to the 
poly(dT)-tailed vector-primer DNA generates 
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the substrate for reverse transcription of the 
mRNA sequence. A 1.5- to 3-fold molar excess 
of mRNA over poly(dT)-tailed DNA is advanta- 
geous to minimize the possibility that unreacted 
poly(dT) tails of the vector-primer DNA will be 
an acceptor for oligo(dC) tails in the next step. 
Under the conditions used, more than 60% of 
the vector-primer DNA acquired a covalently 
linked reverse transcript of the mRNA during 
the first 10 min of incubation (data not shown); 
moreover, from pilot experiments with a 
poly(dT) primer and [32P]dCTP as one of the 
deoxynucleoside triphosphates, at least 50 to 
60% of the cDNA copies attained the length of 
the ‘globin mRNA. 

The aim of the next step is to generate a 
cohesive tail at the end of the cDNA so that it 
can be ligated to the other end of the vector 
DNA and, thereby, provide the template for 
second-strand cDNA synthesis. This has been 
achieved by adding oligo(dC) tails to the 3‘ ends 
of both the cDNA and vector DNA and removal 
of the oligo(dC) tail from the vector DNA termi- 
nus by cleavage at the unique HindIII restriction 
site near that end. Since the mRNA:cDNA 
hybrid is a very poor substrate for HindIII 
endonuclease (27), it remains intact during di- 
gestion with limiting quantities of the restriction 
enzyme. 

The ensuing vector-cDNA:mRNA derivative, 
with a HindIII cohesive end and an oligo(dC) tail 
at the respective termini, is cyclized by E. coli 
DNA ligase using a short linker DNA segment 
containing a HindIII cohesive end and an oligo 
(dG) tail. Covalent joining of the linker and 
vector DNAs occurs via their HindIII cohesive 
ends, and a noncovalent, base-paired join is 
made to the cDNA:mRNA duplex via the oli- 
go(dG) and oligo(dC) tails. In practice about 
20% of the linear vector-cDNA:mRNA was con- 
verted to circular structures as judged by the 
electrophoretic shift in agarose gel. 

Since transformation of E. coli (HBlO1) with 
recombinants containing cDNA:mRNA inserts 
is inefficient and yields cDNA clones with vari- 
able but extensive deletions in the inserts (43), 
we replaced the mRNA strand by the corre- 
sponding DNA strand in vitro. This is accom- 
plished by using E. coli RNase H to introduce 
nicks in the RNA strand (25), E. coli PolI and 
the four deoxynucleoside triphosphates to re- 
place the RNA segments by nick translation 
(23), and E. coli DNA ligase to join the newly 
synthesized DNA fragments into a continuous 
second cDNA strand. In the repair synthesis, 
the oligo(dG) tail of the linker DNA serves as the 
primer for copying any unpaired deoxyribosyl- 
cytidine (dC) sequence and extending the strand 
to the cDNA region. Similarly, if necessary, the 
E. coli PolI extends the oligo(dC) and poly(A) 

tails to produce complete pairing with the oti- 
go(dG) and poly(dT) of their respective opposite 
strands. E. coli DNA ligase was chosen in place 
of the T4 enzyme because of its inability to join 
adjacent RNA and DNA segments (13) that arise 
during second-strand cDNA synthesis. 

Applying this procedure to rabbit reticulocyte 
mRNA produced about I d  ampicillin-resistant 
HBlOl clones per pg of starting mRNA (Table 
1). Failure to bridge or ligate the ends of the 
cDNA and vector by omission of the linker 
DNA segment or the DNA ligase resulted in 
drastic reductions in the number of bacterial 
transformants. If the mRNA strand was not 
replaced by the second strand of cDNA, the 
number of bacterial transformants was reduced 
fivefold. 

Characterization of a- and @-globin cDNA 
clones. To estimate the yield and identify the 
clones containing a- and p-globin cDNA, colony 
hybridizations (15) were performed on 100 ran- 
domly chosen bacterial transformants (Fig. 3). 
Figure 3A, B, and C show that about 80% of the 
transformants contained recombinant plasmids 
with nucleotide sequences homologous to total 
reticulocyte cDNA, and 85% of these were 
accounted for by a-globin (50%) or p-globin 
(35%) cDNA derivatives. Presumably, the 
clones with cDNA inserts that failed to hybrid- 
ize with a- or B-globin cDNA contain nonglobin 
cDNA’s. 

A group of clones containing 21 a- or 12 p- 
globin CDNA’s were analyzed further by restric- 
tion enzyme digestions to determine the size of 
the cDNA inserts. The diagram in Fig. 4 summa- 
rizes the expected fi-agments based on the 
known restriction sites in the recombinant with a 
complete a-globin cDNA segment. Figure 5 pre- 
sents the same information for recombinants 
with a complete @-globin cDNA segment. EcoRI 
endonuclease digestion of the a- and f3-globin 
cDNA recombinant DNAs revealed that 10 of 21 
a-globin and 4 of 12 f3-globin cDNA clones gave 
the expected sized fragment (shown by the posi- 
tion of the arrow) for a complete cDNA copy. 

TABLE 1. Yield of ampicillin-resistant 
transformants obtained by cDNA cloning procedure 

mformants  
(no. per pg of mRNA) Rocedurca 

Complete 100,OOO 

linker DNA..  ............... 2,400 
- DNA ligase.. ............... 50 

and RNase H ............... 18.OOO 

..................... 
- Oligo(dG>tailed 

- DNA polymerase 

“Complete” refers to the procedure as described 
in the text. The other entries refer to modifications in 
which the indicated component or step was omitted. 
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FIG. 3. In situ colony hybridization to detect cDNA clones. One hundred independent ampicillin-resistant 
transformants were picked and grown on three replica nitrocellulose filters. Detection of cDNA clones was 
accomplished by colony hybridization (Is) using three Werent probes: (A) total cDNA synthesized by reverse 
transcription of the rabbit reticulocyte mRNA used for cloning; (B) cloned rabbit a-globin cDNA prepared in this 
work and identified by restriction analyses; (C) cloned b-globin cDNA made by Efstratiadis et al. (10) and 
recloned by Mulligan et al. (29). 

Each of these plasmid DNAs (10 for a-globin 
and 4 for f3-globin) was digested with PsrI endo- 
nuclease to cleave at the reconstructed PstI 
restriction site adjacent to the oligo(dG:dC) join 
and with hruII endonuclease to cleave the vec- 
tor DNA sequence adjacent to the poly(dA:dT) 
join. All but 2 of the 10 clones, judged to contain 
nearly full-length a-globin cDNA by the EcoRI 
endonuclease digestion, contained these two re- 
striction sites and yielded the predicted length 
fi-agment from a double digest; similarly, 3 of the 
4 p-globin cDNA clones, judged to be nearly full 
length by EcoRI endonuclease cleavage, pro- 
duced the expected sized fragments after PstI- 
PvuII endonuclease digestions. The fuzzy and 
heterogeneous bands seen in the PstI and P v d I  
endonuclease digests of a-globin cDNA clone 2 
and p-globin cDNA clone 12 are probably due to 
heterogeneity in the poly(dA:dT) segment that 
arises during their propagation in E. coli. The 
eight putative complete a-globin cDNA clones 
also contain the two known AvaII restriction 

sites, spaced to give the expected sized 6agment 
(Fig. 4). 

The 5'-proximal nucleotide sequences of the 
eight a- and three p-globin cDNA segments 
were determined to establish the completeness 
of their cDNA's. After 32P labeling at the recon- 
structed PsrI restriction sites adjacent to the 
oligo(dG:dC) join, about 120 nucleotides in each 
cDNA were sequenced by the Maam-Gilbert 
method (26) (Fig. 6 and 7). Each figure shows 
the determined cDNA sequence adjacent to the 
linker oligo(dG) segment and the known 5'-  
terminal nucleotide sequence of the correspond- 
ing globin mRNA. The nucleotide sequences 
distal to those shown here were identical to the 
already reported sequence for rabbit a- (18) and 
f3-globin (10) cDNA's. 
Two of the eight a-globin cDNA's contained 

all the nucleotides at the 5' end of the mRNA 
sequence, preceded by 14 or 26 dG residues of 
the oligo(dG:dC) linker. The other six lacked the 
first nucleotide at the 5' end of the mRNA 
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FIG. 4. Restriction endonuclease analyses of a-globin cDNA clones. Plasmid DNA prepared from 21 
recombinants with a-globin cDNA inserts were digested with EcoRI (upper), PstI and PvuII (left), or AvaII 
(right) endonucleases and electrophoresed on 1.5% m s e  gels. The DNA size markers were &om Tug1 
endonucleasedigested pBR322 DNA. The presence of a 615-base pair merit and the relatively low amount of 
a 475-base pair fragment arc due to the presence of a modified and, therefore, resistant TuqI restriction site (2). 
Arrows indicate the position of restriction bgments that would be produced if the cloned cDNA is full length. 
The diagram in the center summarizes the various enzyme cleavage sites and the sizes predicted for 
recombinants with complete a-globin cDNA. 

sequence and had oligo(dG:dC) linkers ranging 
in length from 15 to 21 residues. Of the three p- 
globin cDNA's that were sequenced, one con- 
tained the entire 5' end of the mRNA sequence, 
one lacked one nucleotide, and the other lacked 
three nucleotides. The linker segments in the p- 
globin cDNA clones were 14,16, and 20 nucleo- 
tides in length, but the latter two contained, in 
addition to dG, the unexpected nucleotides dC 

and dT. These were probably inadvertently in- 
troduced because of incomplete removal of 
dGTP and dATP after the reverse transcription 
and before the addition of the oligo(dC) tails to 
the end of the cDNA strand. 

Assuming that the cDNA's analyzed are a 
representative sample of the cloned cDNA pop 
ulation, we estimate that 30 to 50% of the cDNA 
segments are full- or nearly full-length copies of 

FIG. 5. Restriction endonuclease analyses of &globin cDNA clones. Plasmid DNA prepared from 12 
recombinants with f3-globin cDNA inserts were digested with EcoRI (left) or PstI and PvuII (right) endonucle- 
ases and electrophoresed on 1.5% agarose gels. The markers arc the same as in Fig. 4 and the arrows have the 
same meaning. The diagram summarizes the various enzyme cleavage sites and the sizes predicted for 
recombinants with complete p-globin cDNA. 
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strands base-paired to longer mRNA’s (34); (iii) 
Replacement of the mRNA by a second cDNA 
strand is effected by the actions of E. coli RNase 
H (to produce nicks and gaps in the RNA 
strand), E. coli PolI-mediated nick translation 
(to replace RNA with DNA sequences), and E. 
coli DNA ligase (to join the DNA fragments into 
the continuous second cDNA strand). 

In this paper the procedure has been used to 
clone full-length rabbit a- and p-globin cDNA. 
However, the high cloning efficiency makes it 
feasible to isolate rare as well as abundant 
cDNA’s from a variety of cellular mRNA popu- 
lations. For example, a cDNA library containing 
2 X Id clones per Fg of mRNA, made with 
mRNA from Chinese hamster cells, contained 
several clones that code for the 35,OOOdalton 
subunit of adenine phosphoribosyl transferase, 
one of which contained a cDNA segment of 0.95 
kilobases (kb) and is currently being sequenced 
to determine its structure (R. Axel, private com- 
munication). An analogous cDNA library from 
hamster cells (A29) that synthesize a methotrex- 
ate-resistant dihydrofolate reductase (14) con- 
tains cDNA clones whose lengths are sufficient 
to code for that enzyme (M. Dieckmann, H. 
Okayama, and P. Berg, unpublished data). In 
both of these cases the relevant mRNA’s are 
estimated to be present in about 5 to 100 copies 
per cell. M. Ballivet, J. M. Lee, J. Patrick, and 
S. F. Heinemann have informed us (private 
communication) that, using this procedure, they 
have isolated full- or nearly full-sized cDNA 
clones that code for the 60,000-dalton subunit of 
the Torpedo californica acetyl choline receptor 
(20); moreover, Shigesada and Stark (private 
communication) have obtained a cDNA clone of 
about 6.5 kb from cell RNA containing the 7.9- 
kb CAD messenger (30). The efficient produc- 
tion and nucleotide sequencing of nearly full- 
length cloned cDNA’s has also facilitated the 
characterization of normal and aberrant splicing 
patterns in their corresponding -A’s (S. C. 
Clark, M. C. Nguyen-Huu, H. M. Goodman, 
and P. Berg, unpublished data). Additional stud- 
ies to establish the efficiency of this cloning 

n GLOBIN =DNA 
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“7” 
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(61 G . . . . . . . . . . . . . . . . . . . . .  15-21 G h e m - - - - -  
FIG. 6. Comparison of 5’-tenninal nucleotide se- 

quences of eight putative full-length a-globin cDNA’s 
with the known 5’4erminal sequence of a-globin 
mRNA (18). 

their mRNA’s. Quite likely, still more of the 
globin clones contain an entire coding sequence 
since the initiator AUGs for a-globin and p- 
globin are 36 (18) and 53 (10) nucleotides, re- 
spectively, from the 5’-capped nucleotide. 

DISCUSSION 
The cDNA cloning method described here is 

general, being applicable to purified or mixed 
mRNA, to poly(A)+ viral RNAs, or to cellular 
RNAs to which poly(A) tails can be added at the 
3’ end. The procedure is relatively rapid, taking 
less than 2 days from reverse transcription to the 
collection of transformants containing the 
cloned cDNA’s. Moreover, it uses commercially 
available reagents and enzymes and standard 
biochemical procedures. Aside from the relative 
ease and rapidity, the most significant advantage 
of this procedure, relative to those previously 
used, is the high efficiency of cloning full- or 
nearly full-length cDNA’s. Applying the proce- 
dure to rabbit reticulocyte mRNA yielded ap- 
proximately los globin cDNA clones per Fg of 
mRNA, of which 10% had the complete mRNA 
sequence at the 5’ end and 20 to 40% had all but 
two or three at the 5’-most nucleotides of the 
globin mRNA sequences. As anticipated, incor- 
poration of one of the complete a-globin cDNA 
segments into the vector SVGT5 (29) yielded 
SV40-like late mRNA’s containing the a-globin 
cDNA sequence and immunoprecipatable a-glo- 
bin protein (Okayama and Berg, unpublished 
data). 

Although each of the factors contributing to 
the relatively high cloning efficiency of full- 
length cDNA’s has not been fully evaluated, 
much of the success, we believe, can be ascribed 
to the following features. (i) Priming by the 
plasmid DNA for the synthesis of the first cDNA 
strand achieves the first join of the cDNA to the 
vector. (ii) Selective cloning of complete or 
nearly complete cDNA copies of the mRNA’s is 
necessary because the oligo (dC) tails needed to 
effect ring closure and complete second-strand 
cDNA synthesis are synthesized more efficient- 
ly by terminal transferase with substrates con- 
taining base-paired, full-length reverse tran- 
scripts than with shortened or truncated cDNA 

BGLOBlN =DNA 

mRNA G~ACACUUGCUUUUGACACAA - - - - 

111 G -_----- 1% - _ _ _ _ _ _  GCGGGGTL*CIDTTaCCITTDREACM - - - - 

FIG. 7.  Comparison of 5‘-tenninal sequences of 
three putative full-length @globin cDNAs with the 
known S’-terminal sequence of @globin mRNA (10). 
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procedure and the completeness of the cDNA 
copies of other cellular genes are in progress. 

Ours and other approaches for cloning 
cDNA’s (and genomic DNA as well) are clearly 
limited by the ability to detect particular 
cDNA’s; currently, nucleic acid hybridization 
(6,10,31,36) or functional assays for the mRNA 
(16) are the sole means to identify specific 
cDNA clones. The relatively high yields of 
cDNA’s with a complete protein coding se- 
quence offers another alternative, namely, the 
identification or even selective propagation of 
cDNA clones on the basis of the product or 
function they express. By appropriate choice of 
the vector-primer and linker DNAs we are ex- 
ploring the construction of recombinants that 
can express the cloned cDNA’s directly in either 
bacterial or mammalian cells. 
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